Increased demand for soybean [Glycine max (L.) Merrill] production for industrial, human, and animal consumption has provided many incentives for farmers and producers to increase their production. In many soils used for soybean production, phosphorus (P) becomes a major limiting factor to soybean growth and grain production. A field experiment was conducted in five locations across Eastern South Dakota in 2013 to study the response of soybean yield and yield components to phosphorus fertilizer applications. The experiment was laid out in a randomized complete block (RCB) design with four replications. The treatments consisted of five P levels 0, 20, 40, 60, and 80lb/ac of triple superphosphate. Data for yield and yield components were collect and analyzed with several statistical methods including linear mixed model approaches and Additive Model and Multiplicative Interaction effect (AMMI) methods. There was no evidence showing that P had significant impacts on grain yield and yield components. P by environment (PE) interactions were not significant for all traits except whole pod weight. Large variation in yield and yield components were attributed to environmental conditions. Plant height, 100-pod weight, and seed weight of 100-pod had positive and significant correlations with yield in three locations; Geddes, Mitchell, and Bancroft.
Introduction
Soybean [Glycine max (L.) Merrill] is in high demand for both human and animal consumptions because of its nutritional values and potential use of biodiesel product. It has essential source of protein, oil and micronutrients in human and animal diets. Therefore, there are numerous incentives to increase soybean production to meet all these rising demand. Soybean is one of the most widely grown leguminous crops in the world (Guo et al. 2011 ). This crop is widely cultivated on world arable soils with low phosphorus (P). Investigation of soybean yield and related yield component traits with different P rates will help improve field management to optimize soybean production and seed quality.
Low P in soil is a major constraint for soybean growth and production, which are atmospheric nitrogen (N2) dependent (Bordeleau and Prévost 1994) because P is particularly important for symbiotic N2 fixation in legumes (Zahran 1999) . When P rate in soil is low, this process can be strongly undermined and thus becomes a principal yield-limiting nutrient (Pereira and Bliss 1989) .
When P levels are inadequate, soybeans cannot grow and produce normally, or tolerate stresses as they should. Soybean is one of top crops grown in South Dakota; however, about 50% of South Dakota soils is medium or low in P based on soil tests (Gelderman and Ulvestad 2011) .
Some farming practices that lead to P loss in soil negatively impact on soybean yield production. Therefore, to ensure profitable production of soybean, it is recommended that P should be returned to soil by adding wastes and/ or commercial fertilizers. The amount of P to be applied is based on the existing P and pH levels in the soil. Soil pH level provides an indication of the acidity or alkalinity of soil. Most leguminous plants require a neutral or slightly acidic soil for growth (Brockwell, Holliday, and Pilka 1991) . Soybeans thrive in the pH range of 6.0 to 6.8. Soil P tests provide an indication of the level of soil P in plant. The test provides an index of P measurement that can be taken up by plant (Watson and Mullen 2007) . The soil test supported by South Dakota State University recommendations is the Olsen sodium bicarbonate extraction method. The Olsen test predicts crop response in the soils within state boundaries of pH value ranging from below 5 to over 8. The Olsen test results are well-correlated with crop response to P fertilization (Dahnke 1975 ). An Olsen P value of 10 mg P/kg is generally considered to be optimum for plant growth (Kovar and Pierzynski 2009) . Critical soil P concentrations indicate values above which fertilization no longer results in yield responses or economic benefits (Dodd and Mallarino 2005) .
Thus, at this point P fertilization is not recommended. South Dakota State University critical level for soybean is 15ppm Bray-P1, thus, non-fertilized yield almost equals to fertilized yield.
Phosphorus efficiency in low soil P conditions may be related to an initial application of a large quantity of P fertilizer. Environmental factors such as temperature, rainfall, soil conditions, etc. may also play roles on soybeans plants effectively utilizing the applied chemical P in soil. On the other hand, because of both economic and environmental concerns, soil testing is becoming an increasingly important for crop-production systems (Beegle and Oravec 1990) . Environmental concerns arise with regards to the volume of P applied to the soil to avoid run off into nearby streams.
Phosphorus is a non-mobile soil nutrient. This means that as a soil nutrient, it generally does not leach to groundwater. Moreover, applied P gets fixed immediately after application in acidic soils and the availability to the crop is low. In other situations, high P soil may not significantly influence yield unless accompanied by other practices to increase P uptake by the soybean plants. Although the total amount of P is high in some soils, P availability could be limited. This is because P forms insoluble precipitates with metals such as iron and aluminum in acid soils and calcium in alkaline soils (Sharpley et al. 1984, Sanyal and De Datta 1991) . Moreover, P in soils can exist as organic P which is not directly available to plants as well (Iyamuremye, Baham, and Dick 1996) . Soybeans response to fertilizers is affected by soil moisture as well (Kaspar, Timmons, and Zahler 1989) . P by environment (PE) interaction effects could complicate soybean grain yield and thus investigation of PE interactions become very important.
The additive main effects and multiplicative interaction (AMMI) approach has been widely used to estimate yield stability and separate interaction effects between environment and genotypes in crop trials (Zobel, Gauch, and Wright 1988 , Gauch and Zobel 1996 , Crossa 1990 . PE interactions in this study supported by South Dakota Soybean Research Promotion and Council could also be treated as interactions between environments and genotypes interaction so that we could apply the AMMI method to investigate potential PE interaction for yield and yield components. The main objectives of this study were to: (1) determine P and PE interaction effects on soybean grain yield and yield components and (2) determine which traits were significantly associated with yield at each of these locations.
Materials and Methods
An experiment was conducted at five locations: Geddes, Mitchell, Wessington Springs 1 (Groths), Wessington Springs 2 (Lutter), and Bancroft across Eastern South Dakota in 2013. The treatments consisted of five P levels 0, 20, 40, 60, and 80 lb/ac of triple superphosphate. The experiment in each location was laid out in a randomized complete block (RCB) design with four replications. Calibrated rates of P fertilizer were hand broadcasted into plots after planting. The seeding rate was approximately150,000 seed/ac and was sown in each 6-row plot with 5m in length and 75cm between rows. Normal field practices were employed during the growing season at each location. Soil samples were collected before applying the P treatments. All plots were sampled by extracting soils from 0 to 6 inches deep. Soil test calibration levels for P used in South Dakota, ppm extractable (0-6 inches samples) is presented in (Table 1) . The planting dates, temperature, and rainfall distribution patterns are presented in (Table 2) .
Data collection
Prior to field harvest, we measured height of 10 normally developed plants (PH, inches) for each plot. In addition, we cut all dry plants of 1-m area in the middle of second or fifth row and saved these plants in one paper bag for each plot. In addition to 1-m population size, we measured the following traits: number of plants (NP/1-m), whole bag weight (WBW, g), and whole pod weight (WPW, g). Number of seed (NS/100-pod), 100-pod weight (HPW, g), and seed weight of 100-pod (SWHP, g) were determined by using 100 pods randomly selected from the 1-m sample for each plot. Grain yield (GY) were harvested from the third and fourth rows and then converted to bu/ac.
Statistical analysis
Three types of analysis were conducted for the data: correlation analysis, linear model analysis, and AMMI analysis. The linear model was used to partition the variance into three components: P effects, environmental effects and PE effects. The linear mixed models, conditional and unconditional were used to estimate the variance components. The conditional linear model used the equation by (Zhu 1993 , Wu et al. 2006 . Before applying the conditional linear mixed model equation, extra variation contributed by yield component trait to grain yield was removed.
Thus, the residual from linear regression was used as dependent variable. The variance component and standard errors of each parameter were estimated using minimum norm quadratic unbiased estimation (MINQUE) method (Rao 1971) . The AMMI analysis was used to partition PE interaction effects. Correlation analysis was performed to reveal the relationship between grain yield and yield components by using Pearson's simple correlation method.
……..conditional linear mixed model 2
Where is the yield and yield component of ℎ treatment in ℎ environment for r ℎ replicate, is the total yield and yield component mean, is the main effect of Phosphorus, is the main effect of environment, is the interaction effects between phosphorus levels and environments, is the square root of eigenvalue for kth component, is the principal component (PC) score of P level for ℎ component, is the PC score of environment j for ℎ component and is the residual error. * is the residual from estimated linear regression when grain yield was regressed on each or all component traits. is the ℎ vector of random effects, is the ℎ known design matrix for .
For the purpose of estimating the variance components, location, treatment, and block effects within each location were treated as random variables. All statistical analyses were processed using R (R Core Team 2014). Linear model analyses were conducted using the R package minque (Wu 2014 ) by incorporating a group-based jackknife resampling approach with 10 randomly divided groups. AMMI biplots were generated by using the R package agricolae (Mendiburu 2014) 
Results and Discussions
The soil samples from all locations showed that the soil pH values were within normal range for soybean growth. The soil P values showed that P was at medium level at all test locations except Bancroft. Therefore, fertilization was required for better soybean productions. However, high and above critical P rate was detected in Bancroft location. Weather conditions were similar between Mitchell and Geddes, and between Groths and Lutter (Table 2) .
. Mean performances of grain yield and yield component traits at different locations
Means for soybean grain yield and agronomic traits at each P level are presented in (Table   3 ). The location average grain yield ranged from the lowest of 40.0lbu/ac (Bancroft) to the highest of 56.87bu/ac (Groths (Table 4) . No significant PE interactions were detected for these traits except whole pod weight. Location played a significant role on all test traits. No significant P effects were detected for yield and yield component traits. The results in (Table 4) suggested that soybean yield and yield component traits were more influenced by soil or weather conditions at these locations.
. Variance components for yield and yield component traits
An understanding of variability and the nature and extent of variance components are of fundamental importance especially in multi-environment studies. We were especially interested in determining the amount of contribution of location, P and PE interaction to grain yield and yield components traits. Assuming random effects of P and E made it possible to estimate various variance components. The variance components were estimated to assess the amount of variation contributing to variable (yield or a yield components trait) due to P treatment, location, PE interactions and random error. Environmental effect was significant for all traits except number of plants while P effect was insignificant for all traits. PE interaction was not significant for all traits except whole pod weight (Table 5 ). Most traits were more impacted by environmental effects while whole bag weight and whole pod weight were more influenced by random errors (Table 5) .
Conditional variance components for yield on yield component traits
With linear mixed model approaches, we analyzed the relations between yield and yield component while with P, E, PE, and block effects in the model. The conditional variance components were computed by first; performing simple linear regression of yield on each agronomic trait and then used the residuals as new dependent variable. Second; the conditional variance components were computed and the results reported in (Table 6) . Results from simple linear regression (not shown here) indicated that number of seed, and whole pod weight were having significant association with yield at alpha level of 0.001. Seed weight of 100-pods was significant at 0.01. Plant height, whole bag weight, and 100-pod weights were significant at 0.05.
The slope of the number of plants was highly insignificant. Using the residuals from the estimated linear regression helped us to remove extra variation in yield accounted for by the given agronomic trait. For example, conditional environmental variance component for residuals from regressing grain yield on number of seed measures the environmental variance in the grain yield without the influence of number of seed. Compared to unconditional variance for grain yield, the conditional variances were either smaller or higher for some traits ( weight, and seed weight of 100-pod were highly significant with yield. Number of seed and whole pod weight were significant at 0.01. Whole bag weight was significant whilst number of plants was not significant at 0.05. The residual from the estimated multiple regressions was used for conditional variance component estimation and the results reported in (Table 7) . The conditional environmental variance was smaller as compared to the unconditional environmental variance for yield. Thus 28.31% (9.53/33.70) of environmental variation in yield was not explained by all component traits together.
The variance component estimates for environment exceeding random error for most of the traits implied that yield and yield components were affected by environment where the biggest variations came from. Lower conditional variance for some tested traits as compared to unconditional yield variance suggests that these traits have contribution to grain yield.
Correlation coefficients analysis
Correlation coefficients were measured between yield and agronomic traits, and yield and soil P and pH values for each location and are presented in (Table 8) . Grain yield had significant negative correlation with pH value in Geddes and Mitchell. P values had a significant negative correlation with yield in Bancroft only. In Geddes, plant height (r=0.78), 100-pod weight (r=0.54), and seed weight of 100-pod (r=0.62) were significantly and positively correlated with yield. In
Mitchell, yield had significant and positive correlation with plant height (r=0.59), number of seed (0.46), 100-pod weight (r=0.81), and seed weight of 100-pod (r=0.86). In Bancroft, yield had a significant and positive correlation with plant height (r=0.65), number of seed (r=0.59), whole pod weight (r=0.45), 100-pod weight (r=0.48), and seed weight of 100-pod (r=0.56). While in the other two locations (Lutter and Groths), no significant correlations were detected between yield and yield components.
A difference in correlation pattern was observed for different locations. For example, yield had positive correlation with plant height in Geddes while it was not correlated with plant height in Groths or Lutter. This differential correlation pattern will help farmer and producers to adopt different management practices to increase grain yield in their respective locations.
AMMI analyses of PE interaction effects
AMMI analyses were used to graphically visualize PE interaction for soybeans grain yield and traits that had significant PE effects. To investigate the main effects and interactions across environments, AMMI biplots 1 and 2 were constructed for yield and whole pod weight.
The graphical representation of AMMI1 analysis reveals the main effect means on the abscissa and first principal component (PC1) scores of both P and environments simultaneously on the ordinate.
AMMI 2 biplot which plots principal component (PC) 1 versus PC 2 explains the magnitude of interaction of each P level and environment. The AMMI 2 biplot helps in the visual interpretation of interaction effects of P levels in each environment and identified P levels that suited for specific environmental conditions.
Yield AMMI 1 biplots showing main effects of soybean grain yields versus PC1 scores are presented in (Figure 1 ). According to (Figure 1 ), 0lb/ac and 60lb/ac P levels had higher grain yield more than the mean yield and were more suitable for Groths and Geddes locations but with negative PC1 scores. The treatment of levels 40lb/ac and 20lb/ac of P exhibited the same main effect as well as 0lb/ac and 60lb/ac. The environments, Geddes and Groths were the highest yielding with Groths more interactive reflected with high PC1 scores hence, was most suitable for specific P levels. In relation to the environments, the graph showed that environmental conditions in Mitchell and Lutter influenced the PE interaction of soybean grain yield in a lower proportion, reflected in the lower magnitude of PC1 scores.
AMMI2 biplots showing PC1 and PC2 scores of P levels and locations are presented in (Figure 1 ). The first two PC scores explained 59 % and 33% of total PE interaction variation of yield respectively. When a P level and environment are in the same quadrant, they have positive interaction. For example, 0lb/ac and 80lb/ac showed positive interactions with Lutter and Groths (Figure 1 ). In addition, 40lb/ac and 40lb/ac displayed positive interactions with Geddes.
Distribution of P levels points in the AMMI2 biplot revealed that all the P levels scattered further away from the origin, indicating high interaction of these P levels with environments.
Whole pod weight
From the AMMI 1 (Figure 2 ), the analysis of P main effect showed that 80lb/ac had the highest whole pod weight. In relation to environments, Geddes and Groths were the highest yielding and more interactive P treatment. From the AMM1 biplot, 40lb/ac and 80lb/ac performed best in Geddes. Both the environments and P treatments differed in main and interaction effects.
The AMM2 biplot explained 88.8% of the PE interaction variation in the whole bag weight. Phosphorus levels of 20lb/ac and 60lb/ac had best performance in Groths and Mitchell whereas 40lb/ac was in Geddes.
Many confounding factors may have impacted on the P levels not to significantly influence soybean grain yield and yield component traits. Environmental factors such as Rainfall, soil conditions, temperature, is among several factors that played some roles for soybeans plants not effectively utilizing the applied P. Genotypic effects could also be another contributing factor as different genotypes were used.
Summary
The present study was conducted to determine the response of soybean grain yield and yield component traits to phosphorus fertilizations. Our study showed that P effects were not significant for yield or yield components. It appeared that these traits were significantly impacted by environmental conditions while PE interaction effects were not significant for yield or yield components except whole pod weight. The highest positive correlation between yield and plant height was in Geddes. The AMMI analyses were conducted for yield and whole pod weight. The PC1 score had a significant interaction effect and explained 68% of the total interaction variations for whole pod weight. In this study, locations were relatively more important than P levels for yield and yield components to response to applied P in Eastern South Dakota State. Investment should be in increasing locations to increase the number of environments as to enhance experimental precision.
These results in this study could change with respect to the kind of genotype used, previous crop cultivated , current and previous management practices by cooperators and time, therefore further research is needed regarding the potential of P needs of soybeans. -5-2013 Jun-4-2013 May-9-2013 Jun-4-2013 May-13-2013 SOV= source of variations, DF=degrees of freedom, E=environment, P=Treatment (Phosphorus levels), GY=grain yield, PH=plant height, NP=number of plants, WBW= whole bag weight, WPW=whole pod weight, NS=number of seed, HPW=100-pod weight, SWHP=seed weight of 100-pod **, *** are significant at probability levels of 0.01 and 0.00 respectively. .29*** V= variance component, VE =environment variance, VP =Treatment (Phosphorus levels) variance, VPE =phosphorus by environment interaction variance, VB =blocking with environment variance, Ve=error variance, GY=grain yield, PH=plant height, NP=number of plants, WBW= whole bag weight, WPW=whole pod weight, NS=number of seed, HPW=100-pod weight, SWHP=seed weight of 100-pod, Mu=overall mean +, *, **, *** are significant at probability levels of 0.1, 0.05, 0.01 and 0.001 respectively. 
